Introduction
Hippocampal long-term potentiation (LTP) is thought to contribute to the cellular mechanisms underlying learning and memory (Swanson et al., 1982; Lynch and Baudry, 1984; Barnes, 1979 Barnes, ,1988 Morris, 1989; Eichenbaum and Otto, 1993; McNaughton et al., 1988) . Each of the three major synaptic pathways in the hippocampus shows LTP. Thus, LTP exists in the perforant pathway, from the pyramidal ceils of the entorhinal area to the granule cells of the dentate gyrus; in the mossy fiber pathway, from the granule cells of the dentate gyrus to the CA3 pyramidal cells of the hippocampus; and in the Schaffer collateral pathway, from the pyramidal cells of area CA3 to those of area CA1 However, LTP is not generated by the same mechanisms in all three pathways. At least two major forms of LTP exist. One form of LTP, evident in the perforant and the Schaffer collateral pathways, is initiated postsynaptically by the activation of N-methyl-o-aspattic acid (NMDA) receptors, which results in a Ca2+ influx and the subsequent activation of Ca*+/calmodulin-dependent kinase II (CaMKII), protein kinase C (PKC), and tyrosine kinases (Bliss and Collingridge, 1993) . By contrast, LTP in the mossy fiber pathway is independent of NMDA receptor activation and is thought to be initiated presynaptically, not postsynaptically (Zalutsky and Nicoll, 1990; Johnston et al., 1992; Huang et al., 1994) .
The existence of several pathways in series using different mechanisms for LTP raises the question of what the relative role of LTP in these three pathways is for spatial learning and contextual conditioning. Although a causal relationship has not been proven, several detailed genetic studies have attempted to analyze the molecular mechanisms of the NMDA-dependent LTP in the Schaffer collateral pathway and to examine its importance for spatial learning and contextual conditioning (Silva et al., 1992; Bourtchouladze et al., 1994; Bach et al., 1995; Grant et al., 1992) . By contrast, much less is known about either the molecular mechanisms underlying mossy fiber LTP or about its contributions to hippocampal-based learning. Nevertheless, in their important computational analysis of the role of the hippocampus in memory, Treves and Rolls (1992, 1994) suggest that LTP in the mossy fiber system is important for the signal amplification necessary for memory storage.
Despite its theoretical importance, the role of mossy fiber LTP in learning has been difficult to examine because of the technical limitations involved in producing lesions that are selective for the mossy fiber pathway. Recently, Huang et al. (1994) and Weisskopf et al. (1994) provided pharmacological evidence that cyclic AMP, a diffusible second messenger, and the CAMP-dependent protein kinase A (PKA) are critically important presynaptically for both the induction and maintenance of LTP in the mossy fiber pathway. These studies have shown that the inhibitor Rp-CAMPS, which acts on the regulatory (Rj subunit of PKA, as well as an inhibitor that acts on the catalytic (C) subunit (KT5720), block induction of LTP in the mossy fiber pathway. However, these pharmacological interventions do not distinguish among the various isoforms of the regulatory and catalytic subunits and more importantly cannot be used during behavior studies on whole animals. There are four regulatory subunit isoforms of PKA, denoted Rla, Rlla, RIP, and RI@, and two catalytic subunit isoforms, denoted Ca and C/3. In mice, the Cf3 gene encodes three alternatively spliced variants: Cp,, Cp, , and Cf3, (C. Guthrie et al., unpublished data) . We therefore have used a genetic approach to address two questions. First, what specific isoforms of PKA are important for LTP in the mossy fiber pathway? Second, are defects in mossy fiber LTP correlated with deficits in spatial learning?
Here, we describe the effects of genetically ablating either Cp, or RI8 by gene targeting. We find that knockout of either of these isoforms, which has no effect on the induction and early maintenance of Schaffer collateral LTP (Brandon et al., 1995; M. Q. et al., unpublished data) , leads to a selective and profound defect in mossy fiber LTP, providing direct genetic evidence for a critical role for these two specific isoforms of PKA in this form of LTP. We further show that this major defect (essentially com-Wild Tvpe Cp Mutant , .
.-.- plete elimination of mossy fiber LTP in response to high frequency tetanic stimulation) does not affect behavioral responses to novelty, spatial learning, and conditioning to context. Thus, our data indicate that, contrary to current theories about hippocampal function, mossy fiber LTP may not be required for spatial or contextual learning.
Results
Cp, Ablation Leads to a Selective Defect in Mossy Fiber LTP The catalytic subunits mediate the enzymatic function of PKA by directly phosphorylating specific substrates. A simple prediction of a targeted ablation of one of the catalytic subunits would be a selective reduction in the function of PKA. In earlier experiments weobtained dataconsistent with this view (M. Q. et al., unpublished data). We examined the Schaffer collateral pathway in Cp,-'-mice and found that this mutation had no effect on LTP produced by one train of stimuli, a phase of LTP which does not depend on PKA. By contrast, this mutation reduced, by about 700/o, the late phase of LTP produced by four repeated trains, a phase which is dependent on CAMP and PKA (Frey et al., 1993; Huang and Kandel, 1994) .
We therefore asked what the consequences of ablating the C3, isoform would be for LTP in the mossy fiber pathway. This question is of particular interest because the transcript for Cp is enriched in the granule cells, and these give rise to the mossy fiber pathway (Cadd and McKnight, 1989) . The granule neurons have been proposed as the site of plastic change for mossy fiber LTP on the basis of physiological studies that show that the induction and early maintenance of this form of LTP is presynaptic (Weisskopf et al., 1994; Huang and Kandel, 1994) . We first examined the mossy fiber pathway histologically in CD,-/-mice. A Timm stain to visualize the Zn2+-enriched mossy fiber pathway is shown in Figure 1 . We detected no anatomical dif- ferences between wild-type and mutant mice, and this is consistent with the normal synaptic transmission and paired pulse facilitation described below. However, we find that Q-l-mice show a dramatic deficit in mossy fiber LTP from the time of its earliest expression. Two high frequency trains (100 Hz for 1 s, 0.1 ms, pulse duration repeated at 10 s intervals), applied to the mossy fibers in the presence of the NMDA inhibitor APV (2 amino-& phosphonopentanoic acid, 25 pm), induced a robust LTP in wild-type mice (Figure 2A ) (153% 2 15%,45 min after tetanus). By contrast, slices from Cf3? mice, subjected to the same stimulus protocol to the mossy fiber pathway, failed to exhibit LTP (101% f 2%). This obliteration of LTP was significantly different from LTP elicited in wildtype mice (p < 0.01).
Recording LTP in the mossy fiber pathway can easily be contaminated by responses from the associationalcommissural pathway in the hippocampus of mice, responses that are dependent on the NMDA receptor. To avoid the possibility that these differences in LTP between mutant wild-type animals result from an uneven effect of the APV block in wild-type and mutant mice, we also examined LTP in the mossy fiber pathway in the absence of APV. For these experiments, we used two trains of weaker intensity, so as to limit activation as much as possible to the mossy fiber pathway and minimize possible spread, in the absence of APV, to associational-commissural pathways (100 Hz for 1 s, 0.05 ms pulse duration repeated at 10 s intervals). These two trains again produced substantial LTP in wild-type mice (140% + 7%). But, again, LTP was essentially eliminated in the mutant mice (106% + 10%; p < 0.025) ( Figure 2B ).
In addition to the mossy fiber pathway, the CA3 pyramidal cells also receive input from other CA3 neurons of both the ipsilateral and contralateral hippocampus, input that is called the associational-commissural pathway. LTP in this pathway is dependent on NMDA receptors and has properties similar to that of the Schaffer collateral pathway. To characterize further the specificity of the defect of mossy fiber LTP, we examined LTP of the associationalcommissural pathway. As shown in Figure 2C , two trains (100 Hz for 1 s, 0.1 ms pulse duration) elicit good LTP of 145% f 6% in the associational-commissural pathway of C6,-'-mice. This LTP is not significantly different from that elicited in the associational-commissural pathway of wild-type mice (140% 2 6%, p > 0.05). Thus, the defect in LTP in the Cf3? mice is specific to the mossy fiber pathway. Moreover, the defect is specific to LTP. Synaptic transmission was normal in C6,-'-mice, as was the paired pulse facilitation induced by two stimulus pulses separated by varying intervals ( Figure 3A ), demonstrating that presynaptic transmitter release can still be enhanced in response to paired pulses.
RIP Ablation Also Eliminates LTP in the Mossy Fiber Pathway Brandon et al. (1995) had previously examined the effects of RI6 ablation on the Schaffer collateral pathway. They found that this mutation had no effect on either the early or the late phase of LTP in this pathway. However, long-term depression and depotentiation, which are sensitive to inhibitors of PKA, were selectively blocked. Since RI6 is a regulatory subunit, which inhibits the catalytic subunits, one might have predicted the opposite result: an enhancement of the catalytic activity of the enzyme. That this did not occur may have been due to the compensatory increase in the Rla subunit (Brandon et al., 1995) , which has a higher threshold for CAMP than does the RI6 subunit. Two paired pulses at intervals of 50-250 ms were applied, and the ratio of the slope of the second EPSP to the first EPSP was plotted as a function of the pulse interval. There is no difference in paired pulse facilitation between Cf3? and wild-type mice (mean -c SEM, n = 5). (B) Same as in (A), but showing the paired pulse facilitation in RI8 / mutant and wild-type mice (mean ? SEM, n = 5). No difference was found between two groups (F[1.8] = 2.28, P > 0.05 ANOVA). (C) Forskolin-induced potentiation in Rl8-'+ mice. Forskolin (50 PM) together with IBMX (50 FM) was perfused for 15 min. APV (25 PM) was applied for 10 min before forskolin and was perfused for l-2 hr. The application of forskolin induced similar potentiation in both RI8 / mutant and wild-type mice (mean + SEM, n = five mice, five slices). (D) Forskolin (40-50 uM) was applied in a paired way in C8$ mutant and wild-type mice, and no difference was seen in the forskolin potentiation between the mutant and wild-type mice (mean & SEM, n = five mice, five slices). (E) The 8-adrenergic receptor agonist effect in C8 mutant mice. Isoproterenol (1 PM) paired with 1 train of tetanus (100 Hz, 1 s) induced a potentiation that lasts more than 5 hr in wild-type mice (203% f 24%, n = 3). However, it failed to induce long-lasting potentiation in CD1 / mutant mice (80% * 6%, n = 3).
Thus, whereas the RI8 holoenzyme might dissociate and become activated at relatively low concentrations of CAMP, the Rla holoenzyme might require much higher levelsof CAMP. In fact, holoenzymes containing either RI8 or C8 are more sensitive to CAMP than other PKA isoforms (Cadd et al., 1990; Solberg et al., 1994; E. Baude and M. Uhler, personal communication) .
In addition, the two regulatory isoforms may have different subcellular distributions.
The studies of Brandon et al. (1995) indicate that in RI8 mutant mice there is a blockade of certain CAMPdependent forms of plasticity. Since RI8 is a neuralspecific regulatory subunit that is highly expressed in the hippocampus, we examined mossy fiber LTP in these mice. Two high frequency trains (100 Hz for 1 s, 0.1 ms pulse duration repeated at 10 s intervals) applied to the mossy fibers in the presence of the NMDA inhibitor APV induced a robust LTP in wild-type mice (see Figure 2D ) (162% f 120/o, 45 min after tetanus). By contrast, in RIP-'-mice, two trains to the mossy fiber pathways elicited only a very minimal LTP (109% f 11 O/O), which was significantly different from that elicited in wild-type mice (p < 0.01).
We also examined LTP in the mossy fiber pathway of RIP-/-mice in the absence of APV. As before, we now used two trains of weaker intensity (100 Hz for 1 s, 0.05 ms pulse duration repeated at 10 s intervals), and these again produced substantial LTP in wild-type mice (139% + 8%). By contrast, LTP was again essentially eliminated in the mutant mice (100% & 16%; see Figure  2E ). Despite this elimination of LTP, paired pulse facilitation in RIP-'-mice was not altered (Figure 38 ).
Both RIP-/-and Cp,-'-Mutant Mice Show a Normal Response to Forskolin Selective ablation of C8, and RI8 isoforms may result in loss of LTP, because other isoforms in the cell may not be accessible to the localized CAMP elevation resulting from the mossy fiber input, or because other isoforms are less sensitive to activation by CAMP, and loss of this increased sensitivity might account for their observed phenotypic role in the mossy fiber LTP of the mutant mice. By contrast, application of forskolin is likely to stimulate all the adenylyl cyclase present in the cell, producing higher CAMP levels throughout the cell and activating the entire repertoire of PKA holoenzymes. Earlier experiments in rat had, in fact, shown that a brief application of forskolin can induce a long-lasting potentiation, which occludes additional mossy fiber LTP (Huang et al., 1994; Weisskopf et al., 1994) . Moreover, like mossy fiber LTP, the forskolininduced potentiation is blocked by inhibitors of PKA (Huang et al., 1994; Weisskopf et al., 1994) . We therefore tested whether forskolin could produce potentiation in mice with ablation of either RI8 or Cp,. Forskolin (50 KM) was perfused with 3-isobutyl-1-methylxanthine (IBMX) for 15 min and then removed. This exposure produced a longlasting potentiation in wild-type mice (142% f 17010, 4 hr after drug treatment), similar to that induced in the rat. A comparable forskolin-induced potentiation was also obtained in both RIP-'-(145% + 20%; Figure 3C ) and in C8,-'-mice (168% f 18%) even when the forskolin (40 PM) was perfused in the absence of IBMX ( Figure 3D ). Thus, the inability of mossy fiber input to elicit LTP in mice does not reflect a general loss of CAMP signaling in the mossy fiber terminal, but appears rather to reflect the loss of specific isoforms of PKA activated by mossy fiber synaptic input.
lsoproterenol
Fails to Elicit LTP in Knockout Mice The adenylyl cyclase activated by normal mossy fiber input is also accessible to P-adrenergic receptors. Thus, in the rat a single train to the mossy fibers, which induces only an early phase of LTP, can induce a long-lasting late phase of LTP when paired with a 6-adrenergic receptor agonist, isoproterenol (ISO), and this effect is mediated by PKA (HopkinsandJohnston,1988 ;Y.-Y.H.andE.R.K.,unpublished data). When isoproterenol was paired with one train of tetanus, no LTP was seen in Cp,? mice (80% + 6%, 5 hr after tetanus). By contrast, under these conditions, wild-type mice demonstrated a robust potentiation (203% f 24%) ( Figure 3E ). These results suggest that the agonist-induced response of CAMP in the mossy fibers requires the specific PKA isoform, CP,. In addition, the results indicate that the failure to obtain mossy fiber LTP in the CD,-/-is not limited to a narrow range of protocols.
Mice Lacking Cp, or RIB Show Normal Behavior Given that C6,-'-and RIS-'-animals lack mossy fiber LTP, we wanted to explore their learning capabilities. The hippocampus is thought to construct an internal representation of the spatial properties of an environment (Jarrard, 1993; McNaughton et al., 1989; C'Keefe and Nadel, 1978; Squire, 1992) . Lesions of the hippocampus produce several defects in exploration-related behavior. These changes include an increase in activity (Jarrard, 1976) deficits in spontaneous alternation behavior (Douglas, 1990; Jarrard, 1978 ) and a decreased habituation to sensory stimulation (Douglas and Pribram, 1969; Henrickson et al., 1969) . We have explored the response to novelty, spatial learning (in both the Barnes and Morris maze), and contextual conditioning to fear in both the Cf3-'-and the RIP-/-mice and find that both mutants perform normally, despite their lack of mossy fiber LTP.
We first studied exploratory behaviors in response to novelty by use of an open field. We found (Figures 4A and 48) that the behavior of both mutants in their response to novelty was not affected by the genetic lesion. We found that the Cp,-'-mice were indistinguishable from their wildtype controls in both central and total crossings and that the mutants habituated to the novel situation as well as wild-type mice ( Figure 4A ). There also were no differences in exploratory indices such as leaning (F[1,18] = 63.14, p < 0.005; and F[l.l8] = 14.28 p < 0 001, for central and total crossings, respectively). (B) RID f mutants (n = 15) and controls (n = 14) were tested as described above for CD, ' mice. ANOVA showed no significant difference between mutants and controls in central or total crossings for the first 5 min (Fll.271 = 2.53, p = 0.12. and F[1,27] = 2.14, p = 0.16, for central and total crossings, respectively), or for a second 5 min (F [l,27] = 3.97, p = 0.08, and F[l,27] = 3.47, p = 0.11, for central and total crossing, respectively). No significant difference was found in total crossings for the last 5 min (F[l,27] = 2.94, p = 0.11). but mutants had crossed the central sector significantly more times than wild-type mice (F[l,27] = 5.67, p = 0.02). Finally, both mutants and controls habituate and significantly decrease in central and total crossings from the first 5 min lo the last 5 min (F[l,27] = 63.14, p < 0.001, and F[l,27] = 14.28 p < 0.001, for central and total crossings, respectlvely). (C-E) CD, ' mutants (n = 12) and wild-type mice (n = 9) were trained with four trials per day for 11 days on the spatial version of the Barnes circular maze task. TQ. training quadrant; AR, the adjacent quadrant to the right of TQ; AL, the adjacent quadrant to the left of T; and OP, the quadrant opposite TQ. increases in distance (p < 0.001) and errors (p < 0.001) for both wild-type and mutant mice ( Figures 4C and 4D) .
Animals with selective hippocampal lesions (Jarrard, 1976 (Jarrard, , 1993 Jones and Mishkin, 1972) as well as rats with infusion of antagonists of NMDA receptors (Morris, 1989) have a more severe problem in reversal learning than in the original acquisition of the task. We therefore trained mice to revert to a new location in the opposite quadrant from that used in earlier training. Reversal tests revealed that both Cf3-'-mice and wild-type controls learned a new location of the tunnel, and there were no significant differences between genotypes in any of the parameters measured ( Figures 4C and 4D) .
We obtained similarly negative results with the RIP-'-mice. Both RIB-'-mice and controls significantly improved (p < 0.001) in the Barnes maze during training, taking very direct routes to the goal tunnel ( Figures 4F and 4G) . The R&P mutants took the same time to locate and escape into the tunnel as wild-type mice ( Figure 4H ). The curtain test confirmed that both wild-type and mutants used visual cues in a spatial search strategy (Figures 4F and 4G) . The overall analysis of the reversal trials showed that after an initial increase in distance and errors, both RIP-'-mice and wild-type mice improved with training (p < 0.001) and were not significantly different in learning a new location of the tunnel (Figures 4F and 4G) .
Thus, both Cf3-'-and RIP-'-mice and their wild-type controls are able to form spatial maps of the extramaze environment and to use this map to navigate to the goal tunnel.
Animals Lacking RIP Show Normal Spatial Learning in the Morris Maze
For comparison, we also tested mice in the frequently used Morris water maze, a spatial memory task similar in principle to the Barnes maze task (Morris, 1981 (Morris, , 1989 ). Here we only examined the performance of RIP-'-mice ( Figure  5A ) and found it indistinguishable from wild-type controls (p = 0.94). In the probe trial, mutants appeared to be as accurate as controls in selective search for the absent platform, and in crossing the exact former platform location (Figures 56 and 5C ). Reversal test, once again, confirmed that mutants and wild-type controls learn the task equally well ( Figure 5A ).
Context and Cued Conditioning
Are Unaffected by Ablation of Cp, and RIP The finding of normal learning in hippocampal-dependent spatial tasks on the one hand, and selective impairment of mossy fiber LTP in both mutants on the other, encouraged us to study these mice in two other behavioral tasks: context conditioning and cued conditioning. In these tasks, animals learn to fear a new environment (context) or an emotionally neutral conditioned stimulus (CS), such as light or tone, because of its temporal association with an aversive unconditioned stimulus (US), usually foot shock. When exposed to the same context or the same cue, conditioned animals show freezing behavior (Kim and Fanselow, 1992; Phillips and LeDoux, 1992) . We found that both Q-'-and RIP-'-mice responded the same as wild-type controls in both contextual and cued conditioning ( Figures 5D-51 ). Separate groups of C8,?and RI!.-'-mutants and their wild-type controls were also trained with a lower intensity shock (0.4 mA). Again, both RI6Y and C8,-'-mutants were indistinguishable from their corresponding controls in either contextual or cued conditioning (n = 20 for RI8 group, n = 16 for the C8,-'-group; data not shown).
Discussion
The Involvement of Cp, and RIP lsoforms of PKA in Mossy Fiber LTP These experiments provide direct genetic evidence for a critical role of specific isoforms of PKA in LTP of the mossy fiber pathway. Earlier experiments using two pharmacological inhibitors, Rp-CAMPS to inhibit PKA dissociation and KT5720 to block the catalytic subunits, showed that blocking the total PKA pathway interferes with LTP in the mossy fiber system. However, the pharmacological experiments could not distinguish between different isoforms of PKA. The data we present here showing an elimination of mossy fiber LTP with ablations of the RI6 and the Co, isoforms of PKA demonstrate that these specific isoforms participate in the induction of LTP in the mossy fiber pathway.
In earlier studies (Brandon et al., 1995; M. Ct. et al., unpublished data), we were unable to detect an overall change in total PKA activity in these two types of mutants in brain or in the whole hippocampus. How, then, might the loss of the specific isoforms, RI6 and Cg,, be contributing to the electrophysiological phenotype? First, the neuron-specific expression patterns of some of the individual subunits (Cadd and McKnight, 1989 ) must be considered. The Cf3 subunit mRNA is preferentially expressed in the granule cells of the dentate, which give rise to the mossy fibers, and is much less abundant in the CA3 pyramidal cells, the postsynaptic cells that receive the mossy fiber input. Therefore, it is not surprising that mossy fiber LTP, which is CAMP-dependent and thought to depend on a presynaptic mechanism, is substantially affected in mutant mice lacking the Cf3, isoform, even though we could not detect a change in overall PKA activity in extracts of whole brain. Second, we must consider the unique biochemical featuresof RIP-and CtQontaining holoenzymes and the possibility that these specific isoforms are compartmentalized within the cell proximal to the localized tetanus-induced CAMP increase. There is evidence for a greater sensitivity to CAMP for holoenzymes containing the neural-specific RI6 compared with those containing Rla (Cadd et al., 1990 ) and for holoenzymes containing C8 compared with those containing Ca (E. Baude and M. Uhler, personal communication).
Although there is as yet no evidence for subcellular localization of either C8 or RIf3, this remains a likely possibility. Clearly, Rlla-and Rllp-containing holoenzymes of PKA are compartmentalized by means of their interactions with anchoring proteins (Scott and McCartney, 1994) .
Even though wedo not know the molecular mechanisms whereby these two gene ablations mediate their phenotypic action, both ablations result in defective mossy fiber LTP. The defect in plasticity is not due to anatomical changes in mossy fiber projections as visualized by a Timm stain, and the mossy fibers remain functional as indicated by normal paired pulse facilitation ( Figure 3A) . Therefore, these mutant mice provided us with a novel opportunity to explore how loss of mossy fiber LTP affects the behavior of the whole animal.
Selective Blockade of Mossy Fiber LTP Reveals That It Is Not Essential for Spatial Learning, Contextual
Learning, or the Response to Novelty The hippocampal formation receives a variety of sensory information from the major association areas of the neocortex. This information is concerned not only with space (particularly well-represented in the rodent hippocampus) but also with vision, olfaction, audition, novelty, time, and movement. In turn, this information is used for the storage of explicit types of memory: memory about facts and places.
The mossy fiber pathway is an important relay within the synaptic circuitry of the hippocampus and has been assumed, therefore, to be critically involved in memory storage, especially about spatial events (for discussion see Buckmaster and Schwartzkroin, 1994) . The reason for thinking that the mossy fiber LTP is critical for memory storage is based on four sets of findings. First, genetic variation in the mossy fiber pathway correlates directly with behavioral learning. Mouse strains with large mossy fiber terminal fields habituate rapidly in the open field, show lower levels of activity, and learn spatial tasks well (Crusio et al., 1989; Schwegler et al., 1988) . Second, animals with destruction of the CA3 region or ablation of the granule cells of the dentate gyrus, which give rise to the mossy fiber pathway, have difficulty in spatial tasks (Olton et al., 1979; McNaughton et al., 1989; Sutherland et al., 1983) . Third, single unit recordings in freely moving rats reveal similar spatial firing characteristics in the granule cells and the CA3 pyramidal cells (Jung and McNaughton, 1993) , which suggests that CA3 pyramidal cells receive most of their spatial information from the granule cells of the dentate gyrus.
Finally, the computational studies of Treves and Rolls (1992, 1994) place great emphasis on the CA3 network in the hippocampus and, specifically, on the mossy fiber pathway as part of an autoassociative memory mechanism. Treves and Rolls take as their starting point a key feature of explicit memory: that a single remembered cue, such as the taste of a madeleine, the scent of a particular fragrance, or a face in a crowd, can bring into memory a vivid, richly detailed reconstruction of an experienced event. This reconstruction may depend on an autoassociative memory storage property of the hippocampus that they attribute to the extensive excitatory collaterals that interconnect the pyramidal cells throughout the CA3 region. As a result, each CA3 cell can, according to Treves and Rolls, transmit information to every other CA3 cell by simply traversing two or three synaptic connections. This recurrent excitatory network endows the CA3 region with autoassociation memory. The mossy fiber pathway is thought to play a special role because of its strong influence on the firing pattern of CA3 pyramidal cells. As a result, Treves and Rolls predict that selective inactivation of the mossy fiber system should impair memory formation. In this model, LTP in the mossy fiber pathway is thought to be important for enhancing signal-to-noise ratio and thereby storing spatial information.
The availability of mutants with a selective defect in LTP, despite completely normal synaptic transmission in the mossy fiber pathway, allows us to distinguish the role of mossy fiber LTP in hippocampal-based learning as compared with a mere requirement for mossy fiber transmission per se. We find, surprisingly, that the mutants learn context and space normally, despite a lack of tetanusinduced mossy fiber LTP. Clearly, the conclusion that spatial and contextual learning or memory does not require mossy fiber LTP is limited by the fact that LTP studies were done only in vitro. Moreover, LTP is highly artificial and may not reflect the type of plastic changes to which the mossy fibers are exposed during spatial learning. In addition, we find that some paradigmsother than electrical stimulation may still elicit LTP as demonstrated by the forskolin-induced mossy fiber LTP in both RI@-and CD,-'-mice. However, 6-adrenergic agonists that are critically involved in normal mossy fiber LTP (Y.-Y. H. and E. Ft. K., unpublished data) do not elicit LTP in these mutants. Thus, our data suggest that learning about space and context may be mediated by alternative hippocampal circuits.
The Relative Importance of LTP in the Schaffer Collateral Pathway for Spatial Learning: The Genetic Evidence These findings on LTP in the mossy fiber lead one to reexamine the importance of LTP in the Schaffer collateral pathway. Whereas LTP in the mossy fiber pathway is not essential for spatial learning, there is now fairly substantial evidence that LTP in the Schaffer collateral pathway is in some ways, and at least under some circumstances, quite critical for spatial memory. Schaffer collateral LTP is initiated by Ca'+ influx through the NMDA receptor. The Ca*+, which enters the postsynaptic spine, binds to calmodulin to activate the CaM protein kinase. In addition, this form of LTP recruits PKC and various tyrosine kinases. Each of these steps seems to be required, at least to some degree, for the initiation of LTP. Thus, gene knockout of CaMKlla (Silva et al., 1992) fyn (Grant et al., 1992) , and PKCy (Abeliovich et al., 1993) interferes with Schaffer collateral LTP to varying degrees, and this correlates with defects in spatial learning. Similarly, inactivation of specific isoforms of the CREB gene results in a reduction in late phase LTP and defects in spatial memory (Bourtchouladze et al., 1994) . Finally, the introduction into mice of a mutant form of CaMKll that is Ca'+-independent led to an altered frequency response of CA1 LTP and an impairment in spatial memory tasks (Bach et al., 1995) .
Thus, although these correlations are not perfect, genetic interference with LTP in the Schaffer collateral pathway typically leads to defects in spatial learning. These correlations between Schaffer collateral LTP and spatial memory make the failure to see any significant defect with the complete obliteration of mossy fiber LTP with two different genetic lesions even more surprising, particularly in view of the importance placed on the mossy fiber LTP in theoretical discussions of the hippocampus. As a corollary, we have found (Brandon et al., 1995; M. Q. et al., unpublished data ) that knockouts of RIP-'-and Cp,-'-block long-term depression in the Schaffer collateral pathway. Thus, our finding that these mice have normal spatial and contextual learning also indicates that Schaffer collateral long-term depression is not required for the learning of spatial tasks.
The Direct Projection from the Entorhinal Cortex to CA1 May Be Important Behaviorally How is one to think about the apparent dissociation between mossy fiber LTP and spatial and contextual learning? First, it is important to stress that the defect we observe in LTP in response to high frequency electrical stimulation in vitro does not preclude LTP in vivo in response to other forms of synaptic stimulation. For example, although j.%adrenergic agonists required for mossy fiber LTP also failed to produce LTP, we did observe that forskolin stimulation retains the ability to initiate LTP in both RI6 and Cp mutant mice, suggesting that the mossy fiber pathway retains plasticity under specific circumstances. Second, the traditional view of the interacting circuitry within the hippocampus may be somewhat flawed. The intrinsic connections of the hippocampus have been conceived of as a serially connected, trisynaptic cascade that originates in the successive excitatory projections from the entorhinal cortex and terminates in the CA1 region and the subiculum ( Figure 6A ). The input area to the hippocampus, the entorhinal cortex, projects by means of the perforant pathway to the granule cells of the dentate gyrus. The granule cells of the dentate gyrus in turn project to the hippocampus pyramidal cells of the CA3 region by means of the mossy fiber pathway. Finally, the pyramidal cells of the CA3 region project by means of the Schaffer collateral pathway to the CA1 pyramidal cells (and to the pyramidal cells of the subiculum).
If the intrinsic connections of the hippocampus were only to function in this sort of serial manner, then interference with plasticity in any link in this serial chain might lead to disturbance of the flow of all information in this Amaral and Witter, 1969; Witter, 1993.) pathway. But recent evidence indicates that the anatomy of the hippocampus is substantially more complex (Amaral and Witter, 1989; Witter, 1993) . Specifically, the entorhinal cortex projects to neurons of the CA3 and CA1 region as well as to the subiculum and to the hippocampal output by meansof at least two distinct parallel pathways. In addition to the long, polysynaptic route, there is a short, monosynaptic route whereby cells from the entorhinal cortex send a direct projection to cells in the CA1 region (and in the subiculum) ( Figure 6B ). Yeckel and Berger (1990, 1995) have examined these two pathways physiologically and found that the direct perforant fiber pathway from the entorhinal cortex to the CA1 region can drive these pyramidal cells monosynaptically. This initial monosynaptic excitation, following stimulation of the perforant pathway, is followed by weaker excitatory input transmitted through the trisynaptic circuit, of which the mossy fiber pathway is a part (Berger and Yeckel, 1991; Yeckel and Berger, 1990) . Indeed, the CA1 cells can be excited through these direct connections from the perforant pathway without exciting the dentate granule cells. In addition, Spencer and Kandel (1962) presented results of intracellular recordings from CA1 pyramidal cells, demonstrating short-latency action potentials consistent with monosynaptic activation, which were clearly distinguished from long-latency action potentials, presumably excited via the trisynaptic pathway. Moreover, the direct pathway is capable of undergoing LTP (Berger and Yeckel, 1991) .
Therefore, in the absence of LTP in the mossy fiber system, adequate amplified information important for spatial learning could reach the CA1 region directly from the entorhinal cortex. This is consistent with the finding of McNaughton and his colleagues (1989) that destruction of 70% of the granule cells of the dentate gyrus has remarkably little effect on spatial selectivity of the place cell in the CA1 and CA3 region of freely moving rats. These data further support the idea that most of the spatial information required for place cell activity is not conveyed directly via the granule cells in the mossy fiber system. The convergence of both serial and direct feedforward routes onto cells of the CA1 region provides for parallel pathways for processing information presumably important for memory storage.
The Storage of Spatial and Nonspatial Information in the Hippocampus
Is Likely to be Distributed Analysis of perception indicates that the visual image is deconstructed and processed in the cortex in a series of parallel processing streams. However, despite clear evidence for parallel pathways in the hippocampus, current thinking about memory storage in the medial temporal lobe system does not, by and large, conceive of storage of different learned information in parallel. Rather, storage in the hippocampus is largely conceived of as being serial. By analogy to the visual system, it would seem likely that different regions of the temporal lobe system (the parahippocampal and perirhinal cortices, the entorhinal cortex, the dentate gyrus, the CA1 and CA3 regions of the hippocampus, and the subiculum) may have more specialized functional roles in memory storage: they might each store different aspects of the learned information. Thus, the finding that mossy fiber LTP does not appear to be essential for spatial learning or contextual conditioning might well signify that LTP in the mossy fiber system might be specifically recruited for the storage of nonspatial memories.
Experimental Procedures
Mice Generation of RIB-'-and CD /-mutant mouse lines was described previously (Brandon et al., 1995) . Age-(lo-12 weeks) and gendermatched mutant mice and wild-type controls were used for all experiments. Mice were bred from heterozygous parents and then genotyped at weaning by genomic Southern blotting, providing wild-type and homozygous mutant littermates. These wild-type and mutant mice were then used either for experiments or for breeding to produce addihonal experimental mice. All mice were of the same mixed genehc background (C57BU6 x 129). Mice were housed in groups of three or five and kept at constant temperature and humidity with a 12 hr light-dark cycle, the onset of the dark phase being at 6:00 p.m. Food and water were given ad libitum. Experiments were conducted during the light phase of the cycle, and the experimenter was blind to the genotype of the mice in all behavioral and electrophysiological studies.
Histology
Brains were excised from CB, '~ mutant or wild-type control mice, soaked in 0.1% sodium sulphide in phosphate buffer for 1 hr, fixed in 4% paraformaldehyde, 30% sucrose phosphate buffer for 36 hr, and frozen on dry ice. Coronal sections (40 vrn thick) were cut on a sliding microtome, stained by the neo-Timm method as described (Holm and Geneser, 1991) and counterstained with neutral red.
Electrophysiology Transversely cut hippocampal slices (400 ftrn to 500 pm) were prepared and placed on an interface slice chamber. The perfusion solution was bubbled with 95% O2 and 5% CO2 containing 124 mM NaCI, 1.3 mM MgSO,, 4 mM KCI, 1.0 mM Na2HPOI, 2.0 mM Car&, 26 mM NaHC03, and 10 mM 6-glucose at a flow rate of 1.5-2.0 mllmin. Temperature in the recording chamber was maintained at 26'C. Experiments were started about 3 hr after dissection to allow sufficient recovery of the slice. A stainless steel electrode was used for field excitatory postsynaptic potential (EPSP) recording from the stratum lucidum CA3 region, and a fine tungsten bipolar steel electrode was placed on the granule cell layer to stimulate the mossy fiber pathway. Both recording and stimulating electrodes were repositioned before taking baseline readings in each slice until the EPSP recorded met the criteria described previously (Zalutskyand Nicoll, 1990; Huang et al., 1994) . Test stimuli were of 0.05 ms in pulse duration and of 0.01 Hz in frequency. EPSPs were controlled to be of similar size for each group of mice. LTP was elicited with two trains of tetanus at the same intensity as test stimuli (100 Hz for 1 s at 10 s intervals). The pulse duration during tetanus was either 0.1 ms, in the presence of APV, or 0.05 ms, in the absence of APV. The following drugs were made and stored at concentrated stock solution and were diluted lOOO-fold when applied to the perfusion solution: 50 mM forskolin (Sigma, in DMSO), 25 mM APV (Research Biochemicals. Incorporated), 1 mM ISO-HCI (Research Biochemicals, Incorporated).
Open Field Testing
The open field was a gray polyvinyl chloride circular arena, 40 cm in diameter and 30 cm in height. The plexiglass floor was divided into six peripheral sectors and one circular central sector, all of the same arc, and was cleaned with 75% ethanol and then with water after each mouse was tested. The experiments were conducted in a dimly lit room. Each mouse was placed in the center of the open field for a 15 min session. The duration was chosen so as to allow a sufficient knowledge of and habituation to the novel situation. The following parameters were assessed during the first, second, and third 5 min spent in the device: numbers of central crossings, total sector crossings, leaning, rearing, defecation, and grooming time. At the end of the experiment, mice were returned to the cage and colony room.
Barnes Maze Studies
The Barnes circular maze was as described before (Bach et al., 1995) . On the first day of training before the first trial occurred, each mouse was given one shaping trial. On the shaping trial, the mouse was placed in the middle of the maze in a 15 cm high cylindrical black start chamber, and a buzzer and light were turned on. After 10 s had elapsed, the chamber was lifted, and the mouse was guided to the tunnel and left there for 1 min. Following the shaping trial, the first trial started. At the beginning of each trial, the mouse was placed in the same start chamber, and 10 s after the onset of a buzzer and light, the chamber was lifted and the mouse was free to explore the maze. The trial ended when the mouse entered the goal tunnel or after 5 min had elapsed. Immediately after the mouse entered the tunnel, the buzzer and a bright light were turned off and the mouse was allowed to stay in the tunnel for 1 min. The mice were trained with four trials per day. After each trial, while the mouse was resting in the tunnel, we cleaned the entire maze with dissolved (50%) liquid soap (lily odorant). The position of the tunnel varied randomly from mouse to mouse. The following parameters were recorded: errors, distance from tunnel, and time that the mouse took to escape into the tunnel. Errors were defined as nose pokes and head deflections over any hole that did not have the tunnel. Distance was scored by counting the number of holes between the first hole visited and the goal tunnel. As the maze has 40 holes, the maximum distance possible was 20, the chance 10.
Fear Conditioning
Fear conditioning experiments were done as described before (Bourtchouladze et al., 1994) . In brief, on the training day the mouse was placed in the conditioning chamber (Med Associates) for 2 min before the onset of the CS (which lasted for 30 s at 2600 Hz and 65 db of sound). The last 2 s of the CS were paired with the US (0.70 mA of continuous footshock).
The mouse remained in the chamber for another 30 s and then was returned to a home cage. Mice were tested 24 hr later. Conditioning was assessed by scoring freezing behavior. Freezing was defined as a complete lack of movement with the exception of respiratory movements in intervals of 5 s. Contextual conditioning was assessed for 5 min (consecutive) in the chamber in which the mice were trained. Cued conditioning was tested 2 hr after the end of the contextual conditioning test. The mice were placed in a novel context (the second conditioning chamber with a smooth flat floor, posters on the walls, and a novel odorant) for 3 min (pre-CS test), after which they were exposed to the CS for 3 min (CS test).
Morris Water Maze Test
Water maze experiments were done as described previously (Bourtchouladze et al., 1994) . In brief, on the first day of training, the mice were placed on the platform for 30 s. Then they were allowed one 30 s practice swim as well as one platform climb. They were allowed to rest for another 30 son the platform, and then testing was initiated. During training, the platform is not marked by any cue, and it is kept in the same location throughout training, 0.7 cm below the surface of the water. Four starting positions of the mice were used pseudorandomly. The mice were trained with four trials per day for 11 days, Each trial started with the mice facing the wall of the pool and ended when they climbed the platform. After reaching the platform, the mouse was allowed to remain on it for 30 s. If mice did not find the platform within 60 s, they were picked up by the experimenter and placed on the platform.
In the probe test on day 10, we removed the platform and measured the time the mice spent in the quadrant in which the platform was located during training, and we counted the number of times the mice crossed the platform site during searching.
After the probe trial, we gave the mice four more training trials. On the so-called reversal test (day 1 I), the platform was moved to the opposite quadrant. The mice were given four trials, and time to reach the platform was scored.
Data Analysis
Results from male and female mice were collapsed, since analysis of variance (ANOVA) (genotype X gender) did not reveal any significant differences.
For analysis of the behavioral experiments, we used oneway ANOVA, two-way ANOVA with one repeated measure, and ANOVA with dependent measures. Planned comparisons were used for post hoc analysis. Electrophysiological experiments were analyzed by Student's t test and two-way ANOVA. All values in the text and figure legends are expressed as means f SEM.
